ABSTRACT
INTRODUCTION
When novel materials are under consideration for use in biomaterial or biotechnological applications, there is a general requirement to assess their surface for the ability to support cell adhesion and migration. The in vitro culture assays that are presently used for determination of cell adhesion to surfaces are, for a range of reasons, not readily applied to certain materials. Metabolic incorporation of radiolabeled metabolites, followed by liquid scintillation counting, has commonly been used in cell culture assays for the measurement of the attachment of cells to surfaces. However, this assay is both time-consuming and involves expensive disposables. Alternatively, colorimetric assays that are performed using enzyme-linked immunosorbent assay (ELISA) plate-reading spectrophotometers have been used (5) (6) (7) . However, these assays have multiple washing steps (associated with cell staining and removal of stain that is not bound to cells) during which cells that are only weakly adherent may be lost (Reference 11; B.A. Dalton, G. Johnson and J.G. Steele, unpublished observations). Furthermore, neither the radioactive nor the colorimetric methods enable the global visualization of the distribution of cells on the surface, and so gross heterogeneity in cellular distribution on the surface may pass undetected. In this study, we have developed an assay for measurement of the initial attachment of cells to the surface of a material that involves the in situ detection of incorporated radioactivity using phosphorscreen autoradiography. This novel assay has been compared favorably with the existing assays.
Some assessments of surface treatments for biomaterial applications require an assay that is capable of measuring the rate at which cells migrate to colonize a surface. The phosphorscreen autoradiography assay has also been used to measure the movement of cells over a surface and is compared with an existing colorimetric method for this use. Although the migration of single cells is conveniently measured by a procedure first developed by Boyden (1), this assay is not suitable for determining the ability of a sheet or population of cells to migrate and colonize a surface. We show that an assay based on phosphor-screen autoradiography enables measurement of the expansion or migration of cells over a surface.
MATERIALS AND METHODS

Cell Attachment Assays: Metabolic Labeling of Cells
The clonal cell strain C4E10 was maintained as previously described (8) (9) (10) . Bovine corneal epithelial cells (BCEp) were isolated and maintained as described previously (2) . In the migration assays, the BCEp cells were used at passage numbers 2-3.
C4E10 and BCEp cells were metabolically labeled by culture for 18 h in a culture medium based on methioninefree Dulbecco's modified Eagle medium (DMEM; Cytosystems, Melbourne, Victoria, Australia) supplemented with [ 35 S]methionine (Translabel 51006; ICN Biomedicals, Costa Mesa, CA, USA) at a concentration of .185 MBq/ mL (5 µ Ci/mL). In each case, the labeling medium was replaced with normal culture medium 1 h before the assays.
Measurement of the Number of Cells Attached Using Methylene Blue Dye Staining
Measurement of the number of cells attached to a surface by methylene blue dye staining was carried out essentially as described by Oliver et al. (7) . Three different sera were used, and 6 wells were used for each treatment. The treatments were as follows: (i) DD [serum from which both fibronectin (Fn) and vitronectin (Vn) had been removed by sequential passage over a column of gelatin crosslinked to Sepharose ® 6B (Pharmacia Biotech, Piscataway, NJ, USA) and an affinity column to which an anti-bovine Vn monoclonal antibody had been coupled (14) ]; (ii) DD+Vn [300 µ g/mL Vn (Vn isolated from serum using the method of Underwood and Bennett, Reference 14) added back to DD serum]; (iii) intact fetal bovine serum (FBS), which contained both Fn and Vn. The C4E10 cells were dissociated with 0.25% trypsin (Serva Feinbiochemica GmbH, Heidelberg, Germany), washed with serum-free medium and resuspended in serum-free medium to yield 2 × 10 5 cells/mL; then 50 µ L were loaded into each well. The cells were cultured for 90 min at 37°C in a humidified atmosphere of 5% CO 2 :95% air.
Measurement of the Number of Cells Attached Using PhosphorScreen Autoradiography
To demonstrate the linearity of the phosphor-screen autoradiography assay for the measurement of the number of cells attached (Figure 1 ), a culture of metabolically labeled BCEp cells was prepared. Doubling dilutions of a suspension of 1 ×10 5 cells/mL of these cells were made in serum-free medium. Fifty-microliter aliquots, 5 for each dilution of cells, were loaded into wells of a 96-Well Tissue Culture Polystyrene tray (Catalog No. 167008; Nunc, Naperville, IL, USA). The cells that had been loaded into the wells were then air-dried, yielding a predetermined number of cells on each surface. The open tray was placed upright on the base of a cassette, and a Kodak ® storage phosphor screen (SO230; Molecular Dynamics, Sunnyvale, CA, USA) was placed over the open tray. The screen was exposed to the tray for 2 h and protected from the light during that time. During exposure, areas of radioactivity raise molecules in the screen to a higher energy level. The screen was then scanned in a Model 400E PhosphorImager ™ (Molecular Dynamics), which converts regions of higher energy in the screen to a digital image, in which pixel values are equivalent to energy levels. Using ImageQuant ™ software (Molecular Dynamics) a grid was created and superimposed over the area representative of each well ( Figure 1A ). An ImageQuant program was used to quantify the pixel values in each square of the grid (as described in ImageQuant Users Guide). The means of total pixel values for each cell loading were plotted vs. cell numbers ( Figure 1B) .
To measure by phosphor-screen autoradiography the number of metabolically labeled cells attached to a surface, the culture wells were washed 3 times with PBS, and the trays were airdried. If the cells were subsequently to be stained, they were fixed by 30-min exposure to 10% (vol/vol) formaldehyde in PBS before being air-dried. These surfaces were exposed to a phosphor screen for 2 h, the screen was scanned in the phosphor imager and the image quantified as previously described. The results were the mean and standard deviation of 6 determinations of pixel values and were expressed as the percentage of cells that attached to Fn-coated Primaria in the presence of intact serum.
Measurement of the Migration of Cells Over Surfaces Using Phosphor-Screen Autoradiography
A monolayer culture of defined area was obtained by seeding the cells within the central area of a stainless steel and silicone rubber "fence" [obtained from Dr. E. Ascher, Neuuim, Germany (3)]. The use of these fences for measuring cell migration is described fully by Research Repo r ts removed, enabling cell migration to occur. Fresh media, 1.8 mL Medium H/F12+ either with or without 10% (vol/vol) serum, were added to the culture wells, and they were returned to the culture incubator. The medium was replaced 3 days after removal of the fences. After a total of 6 days culture, the cells were metabolically labeled with [ 35 S]methionine, as described previously, for the attachment assay; however, 1.8 mL of labeling medium for each culture well was used. On day seven of culture, the medium containing [ 35 S]methionine was removed and replaced with Medium H/F12+, and the cells were incubated for an additional 2 h. The Thermanox coverslip surfaces were washed 3 times with PBS, and the adherent cells were fixed to the coverslips, as described previously. The airdried coverslips were attached to cardboard, with the side containing the cells uppermost, using double-sided adhesive tape. A layer of thin plastic film was placed tightly over the coverslips so that wrinkle-free, uniform coverage was obtained. This assembly was placed in a cassette with the plastic wrap that covered the cells in contact with the phosphor-screen, which was then exposed for 2 h. Following scanning of the screen in the phosphor imager, the image was digitally enhanced to optimize discrimination of the edge of the cellular expansion area. A print was obtained on a transparency sheet, and the area covered by cells was quantified using image analysis. The extent of cellular expansion was determined by comparison of the final area to the area occupied by the cells before removal of the fences. To determine the initial area occupied by the cells, a separate group of cultures was established on coverslips in fences seeded with metabolically labeled cells, which were processed after the initial 24-h incubation period.
Cell Expansion Measured Using Image Analysis of Methylene BlueStained Cells
In parallel to the above assay, the expansion of unlabeled cells over the same surface was measured using a dye-staining method. The cells on the coverslips were fixed and stained for 30 min with 1.8 mL methylene blue dye in 0.01 M borate buffer at pH 8.5 (7) . Methylene blue dye that was not associated with the cells was removed by 2 washes with borate buffer, and the coverslips were air-dried. Image analysis, using a Quantimet 570 (Cambridge Instruments, Cambridge, England, UK) system, was used to measure the cell area delineated by the stain. The extent of cellular expansion was again determined by comparison of the final area to the area occupied by the cells before removal of the fences (as measured on cultures that had been fixed after the initial 24-h culture period).
RESULTS AND DISCUSSION
The use of liquid scintillation counting to measure cell adhesion is laborintensive and requires high reagent use. For many applications, colorimetric assays conducted in trays with a 96-well format are a convenient alternative. However, colorimetric assays are unsuitable when it is necessary to measure cell adhesion to an opaque or textured surface or a surface pre-coated with cellular components that adsorb dye. Additionally, the extensive washing steps associated with staining and the complete removal of any stain that is not associated with cells may mean that the adhesion of weakly attached cells is not detected. This problem has been observed previously, and modified washing procedures have been devised (11). This involves submerging and then floating inverted plates in large volumes of wash solutions that are stirred; thus this procedure is not readily implemented in a consistent manner for diverse substrates.
An in situ method of detecting the presence of metabolically labeled cells on a surface, after a minimal number of washes, was developed. Exposure of a cell culture surface containing metabolically labeled cells to a phosphor screen enabled effective, rapid detection of the cells on the surface. Since the culture trays used in these experiments were too deep to be fully enclosed in a cassette during the exposure step, the Vol. 21, No. 2 (1996) BioTechniques 301 screen was placed above the open culture tray. The exposure step was conducted in the dark, as light dissipates the stored energy in the phosphor screen. The screen was scanned in a phosphor imager, and the amount of signal present was converted to an image representative of each culture area. Quantitation of the image of each well was facilitated through the use of a superimposed grid ( Figure 1A ). The linearity of the autoradiographic method, over the range of 10-5000 cells per well, was demonstrated by the use of a dilution series of metabolically labeled cells adsorbed onto a surface ( Figure 1B ). Before seeding, the cells in the suspension were counted using a haemocytometer; thus the number of cells present in each well was directly determined. Note that the range over which the detection assay is linear will be somewhat dependent upon the extent of metabolic incorporation of radioactive tracer into the cell preparation; so the range may need to be checked when different cells or incorporation conditions are used in the assay. The results shown in Figure 1A also demonstrate that there was only a very low level of background signal in the assay.
The results of a comparison of the detection of the attachment of metabolically labeled cells through phosphorscreen autoradiography with detection of cell attachment using the colorimetric assay are shown in Figure 2 . The numbers of cells attached, as detected by the phosphor-screen autoradiographic method, were generally very similar to that determined using the colorimetric assay. The performances of the assays were compared for two situations: (i) a situation where there was strong attachment of the cells to the culture substratum; and (ii) a situation where the cellular adhesion to the surface was relatively weak. This comparison was achieved for the same cells by seeding in several culture media that differ in their effectiveness for stimulation of cell attachment and by using two 96-well, cell-culture surfaces known to differ in their effectiveness for cell attachment. One of the culture media used in this assay (DD) is not supportive for the attachment of most cultured cells. This is true whether it is used with a hydrophilic culture surface (Primaria) that otherwise is strongly supportive of cell attachment (13) or with a hydrophobic surface (unmodified PS), which is generally poor for cell adhesion (12) . The only notable difference between the two assay results was seen in the case of culture treatments where the cell adhesion was poor (less than 25% for the DD medium), where the methylene blue assay showed a lower level of cell attachment than did the phosphor-screen autoradiography assay ( Figure 2 , marked with an *). This result suggests that when there is a requirement to be able to detect weak cellular adhesion to the substratum, the phosphor-screen autoradiography assay would be preferable to the methylene blue assay. It should be noted here that the phosphorscreen autoradiography assay can also be applicable to a modified form of the assay used to study the shear force required to detach cells from substrata that differ in surface chemistry (4) .
The phosphor-screen autoradiography assay can also be used in the analysis of migration of cell populations. This method has been compared with the conventional assay that uses dye staining and image enhancement of the spectrophotometric image. Figure 3 shows that the phosphor-screen autoradiography assay (solid bars in Figure 3 ) gave identical cell expansion areas to those obtained using the methylene blue dye method (striped bars) for the expansion of BCEp cells over Thermanox coverslips. Note that when phosphor-screen autoradiography is used in the migration assay, the metabolically labeled cells are in close proximity to the screen (whereas in the attachment assays, the radioactive signal travels several millimeters through air before activating the screen).
These results show that phosphorscreen autoradiography simplifies the quantitation of attachment of metabolically labeled cells. It gives comparable results to the liquid scintillation counting assay (results not shown) but is less labor-intensive and uses less reagents, so it is a preferred method of measuring cell attachment in situations that are incompatible with colorimetric assays. In other work, we have found both the attachment assay and the migration assay to be of particular value when dealing with opaque or textured substrata for biomaterial applications. It is likely that phosphor-screen autoradiography may also be applicable for uses with other cell types, such as determining bacterial adherence to anti-fouling surfaces.
